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Introduction
Upper cervical nerve peripheral nerve sheath tumors (PNSTs) include schwannomas and neurofibromas and arise mainly from the second cervical (C2) root. [1, 2] C2 PNSTs can grow to a large size while remaining asymptomatic and extend via the intervertebral foramina to achieve a dumbbell shape. [1, 2] C2 PNSTs have specific characteristics, such as multiplicity, a dumbbell shape, a relationship with the vertebral artery (VA), and particular associated surgical problems. [1] [2] [3] The VA can be displaced and compressed by the extradural portion of a C2 PNST, and some authors have suggested that the VA is the main problem for total resection of the tumor. [4, 5] In our experience, the risk of VA injury is low, and the main sources of hemorrhage during surgery are surrounding venous structures of the tumor, particularly the suboccipital cavernous sinus (SCS), vertebral artery venous plexus (VAVP) and vertebral venous plexus (VVP). There is a paucity of reports focusing on the venous structures involved with upper cervical tumors. In this study, the clinical data of patients with C2 dumbbell-shaped PNSTs were retrospectively analyzed, and the adjacent venous structures of the tumors and their treatments are discussed.
Materials and methods
Patient Population
Between September 2008 and February 2015, a total of 16 patients with C2 dumbbell-shaped PNSTs were surgically treated at our institution. All 16 patients had unilateral C2 tumors, including 10 males and 6 females ranging from 33 to 70 years old, with an average age of 50.1 years. The mean follow-up period was 31.1 months (range 12-71 months). Their duration of symptoms ranged from 1 to 30 months, with an average of 13.9 months.
The symptoms included limb weakness (n=10, 62.5%), neck stiffness (n=9, 56.3%), limb numbness (n=7, 43.8%) and neck pain (n=5, 31.3%). The clinical presentations are summarized in Table 1 .
The present study was approved by the medical ethics committee, and all patients have provided signed informed consent.
Radiological Studies
Magnetic resonance imaging (MRI) and contrast-enhanced MRI were the principal investigatory methods and were obtained in all 16 patients both before and after surgery. Computed tomography (CT) and contrast-enhanced CT were performed in 16 and 6 patients, respectively, to examine the osseous anatomy. Digital subtraction angiography (DSA) was performed in 3 patients in whom MRI scans revealed that the VA was severely compressed by the tumor.
Although contrast-enhanced CT and DSA could be used to identify the venous structures, MRI is a more effective and economical tool. In this series, the venous structures and VA were identified mainly through contrast-enhanced MRI.
Surgical Procedure
The posterior approach was used in all 16 patients. The patients were placed in a prone position. A midline vertical incision was performed, and the paraspinal muscles on the side of the tumor were dissected subperiosteally.
A C2 hemilaminectomy with/without partial resection of the posterior arch of the atlas was performed and extended laterally to expose the tumor bulk and the spinal dural tube. The posterior dural wall of the tumor was incised, and intratumoral debulking was performed. A T-shaped dural incision was performed in intra-and extradural tumors.
The involved C2 nerve was resected together with the tumor. Finally, the tumor was completely resected. Fixations and fusions were not used in all patients.
Surgical Management of Venous Structures
The range of operative exposure was selected according to the tumor location and the relationship of the tumor with the venous structures. After the debulking effect was obtained, the adhesions between the tumor and venous structures were carefully dissected. The first step was to separate the lateral border of the tumor (Figures 1a and 1b) .
The VAVP was located in the lateral side of the tumor and was usually shifted anteriorly and laterally. The VAVP surrounded the VA, and we must be very careful when handling VAVP. When bleeding made the operative visual field unclear, electrocoagulation for hemostasia might injure the VA , and packing with gelatin sponges is recommended. The second step was to separate the upper border of the tumor (Figure 1c) . The SCS was located 5 anterolateral and toward the top of the tumor, and it was visible after the inferior part of the posterior arch of the atlas was resected. Electrocoagulation might enlarge the size of sinus rupture, and compression hemostasis is a better choice. When the lateral and upper borders of the tumor were separated, the tumor could be lifted and retracted medially ( Figure 1d ). The VVP was located ventral to the tumor, and electrocoagulation was an effective hemostasis method for VVP bleeding. It was noted that internal VVP hemorrhages are often located ventral to the spinal cord, and bipolar electrocoagulation hemostasis is very difficult and dangerous. In this case, the use of gelatin sponges for compression hemostasia is an appropriate method.
Results
Radiological Results
MRI of the craniovertebral junction showed that the tumors were predominantly isointense on T1-weighted and hyperintense on T2-weighted images. The lesions generally had smooth contours and were uniformly enhanced.
According to the Eden classification, [6] 10 (62.5%) tumors were classified as Type 2 (intra-and extraspinal and paravertebral) and 6 (37.5%) were Type 3 (extraspinal and paravertebral). No Type 1 (intra-and extraspinal) or Type 4 (foraminal and paravertebral) tumors were present ( Table 1 ). The classification was confirmed by both MRI and surgery. In 9 cases (56.3%), the VAs were shifted anteriorly and/or laterally. In 7 cases (43.8%), the VA positions were normal; no encased VAs were noted.
The venous structures at the craniocervical junction, such as the SCS, VVP, VAVP, marginal sinus (MS), and posterior condylar vein (PCV), could be visualized in all 16 patients on contrast-enhanced T1-weighted MRI scans.
In all 16 patients, part of the venous structure on the side of the tumor was compressed and invisible. (Figure 2) 
Venous Structures
The venous structures at the craniocervical junction were identified through presurgical image examinations.
Once the tumor was lifted during surgery, the venous structures (SCS, VVP and VAVP) could be identified. The common locations of venous structures were noted as follows: the SCS was located anterolateral and toward the top of the tumor, and 12 (75%) SCSs were involved by the tumor; the VVP was located ventral to the tumor, and 16 6 (100%) VVPs were involved; the VAVP was shifted anteriorly and laterally, and 13 (81.3%) VAVPs were involved; and the MS and PCV were not affected by the tumor. The anatomy of the suboccipital region and the relationships between the tumor and blood vessels are presented in Figure 3. 
Clinical Outcomes
Total excision was achieved in all 16 patients. No instance of intraoperative damage to the VA occurred. The duration of the operation ranged from 145 to 360 minutes, with an average of 192 minutes. The blood loss ranged from 90 to 400 ml, with an average of 178 ml. One patient who developed cerebrospinal fluid (CSF) leakage from the operative incision was managed by lumbar drainage. Three patients had a mild postsurgical hypoesthesia in the suboccipital region but made full recoveries within 3 to 12 months. Pathological examinations revealed schwannomas in 14 cases and neurofibromas in 2 cases. At follow-up, all patients showed improvement in their preoperative symptoms. Tumor recurrence or spinal instability was not noted in any patient.
Discussion
PNSTs arising from the second cervical nerve root are relatively common and constitute approximately 15% of all spinal PNSTs. [1, 7, 8] Clinically, C2 PNSTs exhibit a high prevalence of dumbbell morphology. [1, 9, 10] Because the space between the lamina is wide at C1/2, a spinal cord tumor might progress out of the spinal canal more easily than tumors at other levels. [9, 11] C2 PNSTs have a tendency for growth and become large-sized tumors while remaining asymptomatic due to the capacious spinal canal at this region.
Surgical Management of C2 PNSTs
The unique osseous anatomy and the biomechanical features of this region should be a concern for surgical management. Several posterior, posterolateral, lateral, and anterolateral approaches have been described to surgically approach these tumors. [1, 4, 5, 11, 12] A posterior approach appears to be most appropriate for resection of the tumors of this region. [1, 13] In our series, a standard midline posterior approach was used in all 16 cases for resection of all types of C2 PNSTs, and total excision was achieved in all cases.
Division of the proximal part of the C2 nerve root generally produces only a very mild sensory deficit due to the important distal anastomosis. [3, 5, 11] In our series, one or more nerve rootlets were sacrificed in every case, and the entire involved nerve root was resected in 7 cases. This procedure was not associated with any significant neurological deficit with the exception of mild hypoesthesia in the suboccipital region in 3 cases.
Previous studies have indicated that no patients with C2 tumors required fusion due to cervical instability after a laminectomy and partial facetectomy. [2, 5, 14] In our series, only a C2 hemilaminectomy with/without partial resection of the posterior arch of the atlas was performed, and no spinal fusion was required. During the follow-up period, spinal instability was not encountered in any case.
Vertebral Artery
The relationship between the VA and C2 PNSTs has been discussed by several authors.[1, 4, 5, 11] George suggested proximal control of the VA should be achieved prior to tumor resection, [5] and Goel proposed that proximal or distal control of the VA was not necessary. [1] Our study was consistent with the opinion of Goel. In this series, proximal control of the VA was not used in all patients, and no instance of VA injury occurred. The dissection of the tumor was safely performed within the dural sheath covering the tumor. The risk of VA injury was low in this surgery.
A radiculomuscular branch of VA below the Cl posterior arch runs medially to the atlantoaxial joint anteriorly and to the C2 nerve inferiorly (Figure 1 ). This branch is divided into a dural branch that enters the dura with the C2 nerve and muscular branches. [15, 16] According to the present study, C2 PNSTs are mainly supplied by this radiculomuscular branch of the VA . The radiculomedullary branches never originate from the third segment (V3) and upper parts of the second segment (V2) of the VA . [16, 17] Thus, the branches supplying the tumor can be cut with minimal risk of ischemic complications involving the spinal cord.
Anatomy of Venous Structures
Most of the C2 PNSTs in this study were moderately vascular, and the tumor-feeding arteries could be easily controlled. The main sources of hemorrhage during surgery were the surrounding venous structures of the tumor, particularly the SCS, VAVP and VVP. Knowledge of this venous anatomy is very important for tumor resection.
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Arnautovic et al. [18] reviewed the venous system of the craniocervical junction, and the numerous interconnections of this entity were termed the suboccipital cavernous sinus. The SCS was connected with the following venous structures [18, 19] : the anterior condylar vein (ACV), PCV, lateral condylar vein (LCV), VAVP, MS, VVP and anastomotic vein. Thus, the SCS is considered to represent an important outflow tract of the vertebral venous system. The SCS and associated circumferential venous structures are also considered important in pathological conditions, such as dural arteriovenous fistula (AVF), tumors, and tumor-mimicking conditions. [18, 20, 21] In this series, the SCS could be invaded if the tumor extended upward over the posterior arch of the atlas. The V3h, which is surrounded by the SCS, might also be compressed by the tumor.
The VVP is connected by the intervertebral veins at every vertebral interspace, which has been described as either an accessory route of venous return from the intracranium or a major route for venous intracranial outflow. [22] [23] [24] The VVP has two components: the internal VVP, which lies within the spinal canal, and the external VVP, which is found predominantly around the vertebral column. [23, 24] In all 16 cases in this series, the VVP was surrounded by the tumor. Both the internal and external VVP could be involved due to the tumor location and size.
The C2 PNSTs were located lateral, anterolateral, or anterior to the spinal cord. Thus, a venous hemorrhage that occurs during surgery could be due to the internal VVP ventral to the spinal cord, and visual hemostasia might be very difficult.
The VAVP comprises the venous plexus around the vertical segment of the V3 (V3v) and communicates with the SCS, the VVP and the suboccipital venous plexus via the anastomotic vein. [18, 19] The VAVP was located lateral to the C2 PNSTs and was often shifted anteriorly and laterally. In this series, 13 (81.3%) VAVPs were compressed by the tumor. There was more vascular circulation in the upper than in the lower part of the VAVP.
The SCS is superomedially connected to the ACV; the PCV is connected to the posteromedial aspect of the jugular bulb and the superoposterior aspect of the SCS. [20] The MS was identified as a circular venous structure lying along the foramen magnum and was contiguous to the medial part of the SCS. [25] The ACV, PCV and MS were rarely involved by C2 PNSTs due to their high locations.
Radiological Evaluation of Venous Structures
The venous circulation of the craniocervical junction could be easily observed through contrast-enhanced MRI. [19, 20] All patients in this series underwent contrast-enhanced MRI. The axial and coronal planes provided the best view of the venous structures. Although variation between patients was observed, the venous structures were identifiable in all patients. The venous structures on the side without the tumor were considered to be normal, and vascular compression was observed on the tumor side (Figure 2 ).
Contrast-enhanced CT has been used to evaluate the venous structures of the craniocervical junction, and these images have been useful in evaluations of the relationships between veins and bones. [25] In our study, the efficiency of venous evaluation with MRI was better than that with CT.
Preoperative angiography did not appear to be necessary unless proximal control of the VA was needed for the tumor section.
Management of Venous Structures
The surgical approach is selected based on an early understanding of the relationship between the locations of venous structures and a tumor acquired from preoperative imaging findings. Specifically, the tumor could be separated from the vein along the capsule when the tumor size is relatively small and just pushes the vein. When the tumor size is markedly larger and the vein is obviously squeezed and deformed, the adhesions between the tumor and vein should not be dissected at the beginning. Intratumoral debulking should be performed first, and the border of the tumor should then be separated. The VA is surrounded by the VAVP and SCS; thus, venous bleeding would be encountered before VA injury. For giant tumors, the VAVP and SCS might be compressed and occluded. In these cases, the VA might have been directly damaged before massive hemorrhage of the vein is observed. Dissection of the tumor within the dural sheath covering the tumor could reduce the risk of vascular injury. The venous plexuses and VA could be separated from the tumor by the surrounding dura. It was worth noting that the venous structures that were occluded by the tumor could recanalize and bleed when the tumor is stripped. Early coagulation and division of the anastomotic veins with preservation of the fibrous membrane surrounding the venous plexuses should be implemented to minimize bleeding. Bleeding of the internal VVP can be controlled by packing with gelatin sponges to avoid injury to the spinal cord. In VAVP-involved tumors, tumor resection should be performed in 10 accordance with a down-top sequence because more vascular circulation is present in the upper part of the VAVP.
The average blood loss in this series was 178 ml. Familiarity with the anatomy and proper management of the venous structures are required to reduce bleeding.
Conclusions
Due to their specific anatomical location and histological characteristics, C2 dumbbell-shaped PNSTs are closely related to the suboccipital venous structures. The surrounding venous structures of the tumor were the main sources of hemorrhage during surgery. Understanding and proper management of these venous structures is critical for reduced bleeding and successful surgery. 
